The optical interferometry has been widely used in various high precision applications. Usually, the minimum precision of an interferometry is limited by various technique noises in practice. To suppress such kind of noises, we propose a novel scheme, which combines the weak measurement with the standard interferometry. The proposed scheme dramatically outperforms the standard interferometry in the signal noise ratio and the robustness against noises caused by the optical elements' reflections and the offset fluctuation between two paths. A proof-of-principle experiment is demonstrated to validate the amplification theory.
I. INTRODUCTION
The optical interferometry has been widely used in science and industry fields, such as physics [1] , astronomy [2] , engineering [3] , applied science [4] , biology [5] and medicine [6] . In all of these applications, an important issue is to detect the length difference or the phase difference between different paths. Making use of the obtained differences, one may achieve a highest precision length measurement [1] . Theoretically, the minimum measurable length difference is limited by the shot noise limit [7] , which is inversely proportional to the square root of the input intensity and the number of measurement events. While in practice, the technical noises may cause uncertainty that usually much higher than the theoretical limit. Hence to suppress the practical technical noises has become an important issue in applications of the interferometry.
Aiming to the high precision detection, a technique called the weak value amplification(WVA) [8] [9] [10] [11] [12] [13] [14] [15] can suppress the technique noises to increase the signal noise ratio(SNR). This has been demonstrated in theories [16] [17] [18] and experiments [12, 13] . Physically, such kind of suppression can be achieved by amplifying the signal at the cost of decreasing the probability of detection. Due to the amplification, small changes beyond the detector resolution can even be detected [9, 10] .
In this paper, we propose a scheme named weak value amplified interferometry(WVAI) which merges the WVA and the standard interferometry(SI) together. By applying the WVA technique, this scheme amplifies the phase difference before detection in an interferometer. The amplification provides the robustness against technique noises. Based on an optical Mach-Zehnder interferometer, the performance of the proposed scheme is investigated. Then the influences of two kinds of technique noises, which are respectively caused by the reflections of the optical elements and the fluctuations of the phase offset, are studied. The results show that the WVAI scheme outperforms the SI in the SNR and in the the technique * jzhuang1983@sjtu.edu.cn † ghzeng@sjtu.edu.cn noise suppression. In addition, a proof-of-principle experiment is demonstrated to verify the phase amplification effect of the WVAI scheme.
This paper is organized as follows: In Sec. II we present a new interferometry scheme named WVAI. Then the influences of two typical technique noises, which are respectively caused by the reflections of the optical elements and the fluctuations of the offset between two paths, are investigated in Sec. III. In Sec. IV a proof-of-principle experiment is demonstrated and analyzed. Finally, Sec.V concludes this paper.
II. SCHEME DESCRIPTION
Before presenting the proposed scheme, let's consider an optical Mach-Zehnder interferometer to exemplify the standard interferometry. Displayed in Fig. 1(a) , a monochromatic laser beam is split into two paths by the BS1 with 50/50 splitting ratio. In the lower path, e −iθ stands for the phase difference between two paths. While in the upper path, a controllable phase φ is introduced as an offset phase delay. The two beams in the two paths interfere after they recombining by the BS2. Then one can collect the intensity of the interference by a detector, which is
where I in is the input light intensity. The subscript "I" represents the SI scheme. With a little modification, one can combine the interferometer with the WVA technique. As indicated in Fig.1(b) , two linear polarizers are inserted before the BS1 and after the BS2, respectively. These polarizers are used to selected the system in the preselected state |ψ i = 1/ √ 2(|H + |V ) and in the postselected state |ψ f = cos α|H + sin α|V ), respectively. Note that H and V stands for horizontal and vertical polarized direction respectively. The phase difference e types of interferometer, such as Michelson, Sagnac and atom interferometer, etc., will be straightforward.
The output state of the modified interferometer is expressed as
where |φ(p) is the input laser state, p stands for the momentum. When α = −π/4 + ǫ, |θ/ǫ| ≪ 1, the output state could be written in its first-order-approximation
where
The detector collects the light selected by |ψ f . The detected intensity is given by
where the subscript "A" indicates the proposed scheme. Because of the postselection, the orthogonal polarized parts are neglected. The successful selected probability is 1/A 2 w . In the following, we evaluate the performance of the proposed scheme with two features. The first one is the output intensity difference between no phase delay input and θ(θ > 0) input, which is
This difference can be obtained by differential detection [19] or phase and amplitude modulation [20] . The second one is the intensity contrast ratio, i.e. I(θ)/I(0), which represents the ratio of the intensity variation (detected signal) induced by the phase delay [21] . When φ = π, the interferometer has total destructive interference. Since it's easier to detect a brightening of nothing than to detect a dimming of a bright light, this offset is usually set for weak signal detection like gravitational waves detection. Omitting the technique noise, ∆I D is equal to the detected intensity in both the WVAI and the SI scheme, which can be written in the first-order approximation respectively
Explicitly, the output intensity difference is proportional to the quadratic term of θ. Although θ has been amplified, the WVAI scheme detects the same intensity as the SI does. This degradation is blamed to discarding light in the postselection. Furthermore, both methods obtain infinite intensity contrast ratios. When φ = π/2, this offset leads to a maximum sensitivity of the interferometer. It can be found in Fig.2 , the curve has the maximum gradient with φ = π/2. In this situation,
Obviously, ∆I DA is 1/A w of ∆I DI which is caused by the low postselection's probability. However, due to the amplified phase, the WVAI outperforms than the SI on the intensity contrast ratio. As shown in Fig.3 , the intensity contrast ratio rises along with the increasing of A w . Clearly, when the phase offset is set at φ = π, the WVAI scheme and the SI scheme have the same output intensities, which means that they have the same detection uncertainty. Both scheme get infinite intensity contrast ratios. While with the offset π/2, the WVAI scheme obtain a higher intensity contrast ratio at the expense of losing the output intensity. However, if the power-recycle [22] is taken into consideration, all the light will go through the postselection without attenuation. One may gain a A 2 w times magnificence of the output intensity, which is
The amplified phase will boost the performance with any φ. With balanced differential detectors, a π/2 offset will lead to a A w times enhancement of sensitivity than SI.
III. IMPERFECTION ANALYSIS
In this section, we discuss two typical kinds of technique noises as examples to demonstrate the robustness of the proposed scheme against the noises. These noises are caused by the reflections of imperfect optical elements and the fluctuation of the offset φ, respectively.
A. Reflection of imperfect optical elements
Practically, all optical elements' transmission ratio can't be 1. The reflected light will interfere with the output light field. For example, in the proposed scheme depicted in the Fig.1 , the imperfections of BS1, BS2, and all the mirrors could cause this problem. The reflected light field before postselection can be written as E in η n e iδn , where the subscript n denotes the number of the optical elements, E in , η n and δ n are the input light field, the square root of the reflectivity, and the relative phase of corresponding elements, respectively. Generally, one has the following expression
where N is the total number of optical elements, η = . Commonly, η ≪ 1 and δ can be any value from −π to π. Then the output intensity described by Eq. (5) becomes
When φ = π, according to the Taylor expansion to the second order in Eq. (9) one acquires
S 1A and σ
1A are the proportions of the input intensity, which mean the signal induced by phase delay θ and the noise caused by the reflected light, respectively.
While in the SI, one has
To reveal the noise influences of two ways, we compare the absolute value of σ (n) in Eq. (10) and Eq. (11) with η = 0.01. The results are shown in Fig.4 . When A w ≥ 10 the noise of the WVAI is at least 1 order of magnitude lower than the SI's, leading to a higher SNR. The SNR with η = 0.01 and δ = 0 can been seen in Fig.5 . In addition, compared among Fig.4(b) , (c), (d) and Fig.5 , as long as the amplification factor raises, the noise decreases leading to increasing SNR.
When φ = π/2, the intensity difference in the WVAI scheme is given by While in the SI scheme, the intensity difference is given by
Similarly, the results of |σ (n) | with η = 0.01 are depicted in Fig.6 . The noise in the WVAI scheme is at least 2 orders of magnitude less than the SI's. From Fig.7 , although the collected intensity in the WVAI is 1/A w of the SI's with the same θ, the SNR of the WVAI is still higher than the SI's. 
B. Fluctuations of offset φ
Vibrations, air movements, deformations of optical mounts, and other environment factors may change the path difference between two arms of the interferometer. These effects cause fluctuations of φ, which brings unexpected noises. Usually we use a close-loop compensation to avoid the fluctuations. However, the fluctuations can't be eliminated at all. Consider that there's a small fluctuation ∆φ ≪ 1. ∆φ must be less than θ, otherwise the signal will be submerged in the noise. The output intensity difference is
For the SI, one obtains
Obviously, when A w = 1, Eq. (14) is equal to Eq. (15).
When |θ| ≤ |∆φ|, |σ (n) 3 | decreases monotonically along A w ≥ 1, so the noise of WVAI scheme is less than the SI's. The SNR of the WVAI scheme could benefit from the attenuated noise. The simulated results with ∆φ = 10 −4 rad is illustrated in Fig.8 . Let φ = π/2, Eq. (16) 
3 | also monotonically decreases along A w ≥ 1 when φ = π/2. Fig.9 is the calculated diagram with ∆φ = 10 −4 rad. Apparently, the SNR of the WVAI outperforms than the SI's with a π/2 offset. As mentioned in Sec. II, the results of other types of interferometer is similar to the Mach-Zehnder type's. Because it's easier to build and adjust, we choose a Michelson interferometer to demonstrate the proposed scheme instead. The experiment is set as illustrated in Fig.10 . A monochromatic laser beam, generated by a diode laser(Toptica, DL100) with a central wavelength of λ 0 = 780nm, is prepared in the state|ψ i = 1/ √ 2(|H + |V ) by the first polarizer with label "Pre". Then the beam enters a Michelson interferometer. The phase difference between two arms is φ+2nπ, where n is integer. The difference is set by the motor fixed on the mirror M2. After the beams recombining through BS, a polarizer with label "Post" selected them at state |ψ f = cos α|H + sin α|V . In both arms of the interferometer, we place a two-waveplatesgroup to introduce a phase delay between horizontal and vertical polarization. It has been proved in [12, 13] the twowaveplates-group could equivalently realize a thin birefrin-gent crystal. The HWPs' OAs(optical axes) are perpendicular to each other to cancel their phase delay. Tilting one of the HWPs around its OA by a tiny angle γ increases the optical path of this HWP, which introduce a unitary operation U (θ) = e −iθA . In this experiment, the HWPs are binary com-pound zero-order half-wave plates, so the relationship between γ and θ is [13] 
where n e , n o , and n are refractive indices of quartz for extraordinary light, ordinary light, and average light, respectively, h is the thickness of the plate, and λ is the wavelength of the light. The tilt also increase the optical path in one arms which cause a variation of offset φ, so we put the HWPs into both arms to diminish this influence. As shown in Fig.10 , HWP1's and HWP4's OAs are horizontal direction. HWP2's and HWP3's OAs are vertical direction. We tilt the HWP1 and HWP3 along their OAs by the same angle γ to introduce opposite phase delay and to compensate the increased optical path length. By rotating the postselection polarizer to a different position, we could set required A w . The offset is set at π for the total destructive interference. However, the minimum step size of the motor on the mirror M2 limits the practical accuracy of setting φ. The vibration of the optical platform and the deformation of the motor cause fluctuations of the offset. To prove the amplification effect, we use intensity contrast ratio I(θ)/I(0) as a criterion. When φ > A w θ, we obtain that
When |ψ f = |H , the experiment becomes a traditional Michelson interferometer with the path difference of φ − 2θ between two arms. In this situation the intensity contrast ratio becomes
which are same as the standard interferometry's results discussed before.
The experimental results are shown in Fig.11 . All curves fit well with Eq. (19) and Eq. (20) . We calculate that φ = 3.1639, which meet the set value π mentioned before. Apparently, the intensity contrast ratio increases along the amplification factor A w as predicted in Sec.II. The results firmly support the amplification effect in the WVAI scheme.
V. CONCLUSION
In summary, we propose a new scheme named weak value amplified interferometry. The proposed scheme combines the weak value amplification and the SI. It can amplify the phase difference between different paths at a cost of decreasing the detected probability. Benefited from the amplification, the proposed scheme is robust against the technique noises. To exemplify the scheme, the investigation is based on an optical Mach-Zehnder interferometer. Comparing to the SI, the proposed scheme shows a higher intensity contrast ratio and stronger suppressions against two practical noises, which are respectively caused by the reflections of the optical elements and the fluctuations of the offset, with the offset setting at π and π/2. To demonstrate the proposed scheme, a proof-ofprinciple experiment based on a Michelson interferometer is established and analyzed. The results successfully validate the phase amplification effect.
